Nitrate is a critical ingredient for life in the ocean because, as the most abundant form of 10 fixed nitrogen in the ocean, it is an essential nutrient for primary production. In contrast to other marine nutrients (e.g., phosphate and silicate), the inventory of nitrate 30 (NO3 -) is mediated by biological processes, where the main source is N2 fixation by 31 diazotrophic phytoplankton and the main sink is denitrification (via a microbial 32 consortium in oxygen deficient waters and sediments) (Codispoti and Christensen, 1985). 33
15 N/ 14 Nstandard) -1), multiplied by 1000 to give units of per mil (‰); see (Sigman and 46 Casciotti, 2001 ) for simplified equations from (Liu, 1979) , and nitrification (Casciotti et al., 2013) . For example, the 51 consumption of nitrate by denitrification (red line in Fig. 1A ) has a larger impact on the 52 residual nitrate δ 15 N than does partial nitrate assimilation by phytoplankton (yellow line in 53 Fig. 1 ), and thus very high δ 15 N values serve as a fingerprint of denitrification. Nitrate δ 15 N 54 is also influenced by the addition of nitrate via remineralization of organic matter. The 55 exact influence of remineralization depends on the isotopic composition of the organic 56 matter, and could result in both higher or lower nitrate δ 15 N (Fig. 1A) . Nitrate introduced 57 into the water column by the remineralization of organic matter formed by N2-fixing 58 phytoplankton has an isotopic composition close to that of air (0-1%), and serves to lower 59 the mean ocean δ 15 N (Fig. 1B) . On the other hand, organic matter formed from nitrate 60 assimilation in regions where the plankton use most of the available nitrate can be 61 isotopically heavy, and its remineralization will increase the δ 15 N of ambient nitrate (Fig. 62 1B). The actual value of organic matter δ 15 N formed from nitrate assimilation is mostly 63 determined by: (1) the δ 15 N of nitrate delivered to the euphotic zone (the subsurface 64 source), which in turn is dependent on the degree of water-column denitrification and (2) 65 the degree of nitrate consumption at the ocean surface, with heavier values associated with 66 greater nitrate consumption (Fig. 1B) . Accordingly, changes in organic matter δ 15 N (and 67 therefore sediment δ 15 N used for paleoceanographic work) can reflect variability of the 68 source nitrate δ 15 N and/or variability of the degree of nitrate consumption (e.g., see (Rafter 69 and Charles, 2012)). 70 71
Because of nitrate's place at the base of the marine ecosystem, nitrate δ 15 N is also useful for 72 understanding the lifecycles of higher trophic level organisms such as fish (Graham et al., 73 2007; Tawa et al., 2017) and fishery productivity (Finney et al., 2002 (Finney et al., , 2000 closest to the observation's sampling depth (e.g. the first depth layer has a value of 0 m, the 117 second of 10 m, and the third of 20 m, so all nitrate isotopic data sampled between 0-5 m 118 fall in the 0 m bin; between 5-15 m they fall in the 10 m bin, etc.). An observation with a 119 sampling depth that lies right at the midpoint between depth layers is binned to the 120 shallower layer. If more than one raw data point falls in a grid cell we take the average of all 121 those points as the value for that grid cell. Certain whole ship tracks of nitrate δ 15 N data 122 were withheld from binning to be used as an independent validation set (see section 2. 
by iteratively adjusting the weights using the Levenberg-Marquardt algorithm (Marquardt, 195 1963 To ensure good generalization of the trained ANN, we randomly withhold 10% of the δ 15 N 200 data to be used as an internal validation set for each network. This is data that the network 201 never sees, meaning it does not factor into the cost function, so it works as a test of the 202 ANN's ability to generalize. This internal validation set acts as a gatekeeper to prevent poor 203 models from being accepted into the ensemble of trained networks (see Step 5). A second, 204 independent or 'external' validation set (blue symbols in Fig. 2 ), composed of complete ship 205 transects from the high and low latitude ocean were omitted from binning in Step 1 and 206 used to establish the performance of the entire ensemble. Our rationale for using complete 207 ship transects is the following. If we randomly chose 10% of observations to perform an 208 external validation, this dataset will be from the same cruises as the wider data. In other 209 words, despite being randomly selected, the validating observational dataset will be highly 210 correlated geographically. Contrast this with validating the EANN results with observations 211 from whole research cruises in unique geographic regions-areas where the model has not 212 "learned" anything about nitrate. We therefore argue that these observations from whole 213 ship tracks therefore provide a more difficult test of the model. 214 215
Forming the Ensemble (Step 5) 216
The ensemble is formed by repeating Steps 3 to 4 (using a different random 10% validation 217 set) until we obtain 25 trained networks for the nitrate δ 15 N dataset. A network is admitted 218 into the ensemble if it yields an R 2 value greater than 0.81 on the validation dataset. Using 219 an EANN instead of any single network provides several advantages. For example, the 220 random initialization of the weight values in each network as well as differences in the 221 training and internal validation sets used across members make it possible for many 222 different networks to achieve similar performance on their respective validation set while 223 generalizing to areas with no data coverage differently. By performing this type of data 224 subsampling and taking an ensemble average, similar to bootstrap aggregating (Breiman,  225 1996) this approach on average improves the robustness of the generalization in areas 226 without data coverage compared to a single randomly generated ensemble member. 227
Compared to each of its members, our ensemble mean sees improved performance on all 228 internal validation sets and has a higher R 2 and lower root mean square error on the 229 independent validation set compared to 19 of the 25 members. Fig. 5D ). 299 300
The nitrate δ 15 N sections in Fig. 4 show elevated values for the low latitude, upper 301 mesopelagic Pacific (Fig. 4A ) and Indian Oceans (Fig. 4D) where water column 302 denitrification raises the residual nitrate δ 15 N (Fig. 1A) . Viewing this elevated nitrate δ 15 N 303 at the 250 m depth horizon (Fig. 5) is counteracted by the influence of water-column denitrification in that basin, which 346 imparts a high δ 15 N signal, but a local minimum in δ 15 N can still be seen in the Pacific 347 subtropical gyres (Fig. 4A) Averaging EANN nitrate δ 15 N with depth for each ocean basin (Fig. 7) , we find that these 436 basin-scale nitrate δ 15 N differences also persist into the deep-sea (here defined as 3000 m 437 and below). (Note that the inter-basin EANN nitrate δ 15 N gradients in Fig. 7 are smaller 438 than the corresponding inter-basin gradients in observed δ 15 N, because the observations 439 are spatially biased towards areas of water column denitrification in the Pacific and Indian 440
Oceans (see Fig. 2 ).) 441 442
The remineralization of organic matter is one process that can-and has been used to- Hemisphere (see discussion above). Based on this evidence, it appears that global patterns 472 of sinking organic matter δ 15 N are consistent with the remineralization of this organic 473 matter driving subtle, but significant differences in deep-sea nitrate δ 15 N. 474 475 An alternative explanation for the deep-sea nitrate δ 15 N differences in Fig. 7 is that they 476 reflect the lateral (along isopycnal) advection of elevated nitrate δ 15 N from ODZ regions. 477
However, we can easily dismiss this explanation by looking at the meridional trends in 478 deep-sea nitrate δ 15 N-following the deep waters from their entrance in the south and 479 movement northward. What we find is that deep EANN nitrate δ 15 N (Fig. 5D) 
